RNA interference (RNAi) is used as a reverse-genetic tool to examine functions of a gene in different cellular processes including apoptosis. As key cellular proteins are inactivated during apoptosis, and as RNAi requires cooperation of many cellular proteins, we examined whether DNA vector-based RNAi would continue to function during apoptosis. The short hairpin RNA transcribed from the DNA vector is processed by Dicer-1 to form small interfering RNA that is incorporated in the RNA-induced silencing complex (RISC) to guide a sequence-specific silencing of the target mRNA. We report here that DNA vector-based RNAi of three different genes, namely poly(ADP-ribose) polymerase-1, p14
RNA interference (RNAi) including the microRNA (miRNA) pathway is an evolutionarily conserved mechanism for sequence-specific gene silencing by small (21-26 nucleotides) guide RNA. 1, 2 There are two main types of RNAiinducing small guide RNA: the endogenously generated miRNA, which are derived from long stem-loop structured precursors, and small interfering RNA (siRNA), which may be either exogenously supplied as short or long dsRNA or produced in the cells from a DNA vector-directed short hairpin RNA (shRNA). 2 Regardless of the origin of the small regulatory RNA, the key steps responsible for achieving RNAi are essentially the same and require controlled and coordinated participation of the host-cell machinery. Briefly, different types of precursor RNA, such as the long dsRNA, shRNA transcribed from a DNA vector or pre-processed hairpin pre-miRNA, are first converted to small regulatory RNA by the endoribonuclease Dicer-1 in the cytoplasm of mammalian cells. These are then loaded into the RNA effector complexes known as RNA-induced silencing complex (RISC) to guide the machinery to the target mRNA in a sequencespecific manner. Depending on the extent of sequence homology, gene silencing is achieved by cleavage or destabilization of the target cognate mRNA or by inhibition of its translation. 3 RNAi is increasingly being explored to characterize the roles of miRNA in regulating apoptosis. 3, 4 In addition, shRNAbased RNAi is also being exploited for understanding the role of a given gene in apoptosis. [5] [6] [7] However, as many key cellular proteins are cleaved by caspases during apoptosis, 8 it is pertinent to examine whether apoptotic events compromise the integrity of the core machinery of the RNAi pathway. A recent study reporting specific stimuli-dependent cleavage of Dicer-1 during apoptosis, 9 further warrants a need for characterization of the impact of apoptosis on DNA vectorbased RNAi, a process which requires full functionality of Dicer-1-dependent formation of the siRNA from the precursor shRNA and the RISC-dependent silencing of the target mRNA. We used the DNA vector-based RNAi model for three different genes: namely poly(ADP-ribose) polymerase-1 (PARP), 10 a model that has allowed us to reveal its novel functions in the nucleotide excision repair of UV-damaged DNA, 11 inactivation of X chromosome 12 and in growth or chemosensitivity of melanoma cells; 13 the tumor suppressor gene p14
ARF and the nuclear protein lamin A/C. We report here that the DNA vector-based RNAi of all three genes is abrogated during apoptosis. We extensively characterized the failure of RNAi and identified its cause to be a specific dual cleavage and catalytic inactivation of Dicer-1. We used multiple approaches to show that caspase-3 is the major caspase responsible for this cleavage and inactivation of Dicer-1. We also show that Dicer-1 cleavage during apoptosis is associated with decreased formation of some of the mature miRNA, suggesting a larger role of Dicer-1 cleavage in control of apoptosis.
Results
Abrogation of DNA vector-based RNAi of PARP during apoptosis. The effect of apoptotic events on the efficacy of DNA vector-based RNAi was examined first in our earlier reported 10 PARP-replete (GMU6) or PARP-depleted (GMSiP) human skin fibroblasts ( Figure 1a ). The induction of apoptosis by treatment with different agents was accompanied by cleavage/activation of caspase-3 to its large subunit at 17/19 kDa, and cleavage of PARP to its apoptosis signature 89-kDa fragment in GMU6 cells ( Figure 1a , lanes 1-4). The GMSiP cells, which were devoid of PARP before apoptosis, surprisingly, displayed 89-kDa PARP fragment during apoptosis ( Figure 1a , lanes [5] [6] [7] [8] . The probing with an 89-kDa PARP fragment-specific antibody confirmed that this major band in apoptotic GMSiP cells co-migrated with the band in the apoptotic HL-60 or GMU6 cells (Figure 1b and Supplementary Figure S1a) .
For an 89-kDa PARP fragment to appear in PARP-depleted GMSiP cells, full-length PARP has to be made, which suggests that PARP-mRNA must no longer be subjected to degradation by RNAi. This was verified by analyzing the abundance of PARP transcripts by RT-PCR (Figure 1c) . The signal for PARP-mRNA remained almost unchanged in UVBtreated GMU6 cells, but it went from undetectable amounts at 0 h to a significant increase at 48 h in UVB-treated GMSiP cells. The reappearance of mRNA and the presence of caspase-cleaved 89-kDa PARP fragment confirmed that DNA vector-based RNAi of PARP was abrogated in the apoptotic GMSiP cells.
The fact that apoptosis-associated failure of DNA vectorbased RNAi of PARP was not specific for GM-model was confirmed in PARP-depleted CHO-SiP cells 10 ( Figure 1d ). Different apoptosis-inducing treatments resulted in a dosedependent increase in activated caspase-3 in both the PARPphenotypes and cleavage of PARP to its 89-kDa fragment in PARP-replete CHO-U6 cells (Figure 1d , PARP lanes 2-5). However, emergence of the 89-kDa fragment of PARP in the PARP-depleted CHO-SiP cells during apoptosis (Figure 1d , PARP lanes 7-10) confirmed a general nature of apoptosisassociated failure of DNA vector-based RNAi of PARP in mammalian cells.
Failure of DNA vector-based RNAi of p14
ARF and lamin during apoptosis. We next examined whether apoptosisassociated abrogation of DNA vector-based RNAi would also occur for two other genes, namely human tumor suppressor gene p14 ARF We generated stable CHO-ARF clone, which expressed HA-tagged human p14 ARF and corresponding stable CHO-ARF-shARF clone in which HA-ARF was significantly knocked down by DNA vector-based RNAi (Figure 2a , HA lanes 1, 2 and 6). Induction of apoptosis in CHO-ARF cells by different agents resulted in the formation of activated caspase-3 accompanied by a significant increase in HA-ARF (Figure 2a , HA lanes 3-5), which could be reflecting a transcriptional upregulation similar to that reported for its mouse homolog p19 ARF during apoptosis. 14 Interestingly, in the apoptotic shARF cells, there was a robust reappearance of the HA-ARF along with activation of caspase-3 ( Figure 2a , lanes 7-9), which clearly indicated failure of DNA vectorbased RNAi permitting formation of full length of HA-p14 ARF .
The lamins A/C, two alternately spliced B70-kDa proteins arising from a single gene locus, are cleaved by caspase-3-activated caspase-6 to liberate 45-and 28-kDa fragments. 15 Using DNA vector-based RNAi, we generated a HeLa derived shLamin clone with B75% lamin knockdown ( Figure 2b , lamin lanes 1 and 5). Induction of apoptosis in both the lamin phenotypes by various agents was associated with activation of caspase-3 and cleavage of PARP to its 89-kDa fragment (Figure 2b , caspase-3 and PARP panels). Lamins A/C were also cleaved to their B28-kDa Dlamin fragment in the apoptotic HeLa cells with a ratio of 0.2-0.5 for Dlamin/ intact lamins. In contrast, there was a much stronger presence of Dlamin fragment during apoptosis in the shLamin cells, which was evident from higher (4.3 and 0.9) ratio of Dlamin/ intact lamins during stronger apoptosis-inducing treatments with UVB or staurosporin (Figure 2b, lamin panel) . A significantly larger presence of Dlamin indicated that more lamins were being formed and degraded in apoptotic shLamin cells. The apoptosis-associated abrogation of DNA vector-based RNAi of three different genes in different models of apoptosis indicates a universal nature of this observation.
No impact of apoptosis on RISC-dependent RNAi by 21mer siRNA. The abrogation of DNA vector-based RNAi could be caused by failure of one or both the key steps of RNAi, namely Dicer-1-mediated formation of 21mer siRNA from DNA vector-derived shRNA or the RISC-mediated inactivation of the target mRNA. To distinguish between these two steps, we examined the impact of apoptosis on RISC-dependent and Dicer-independent transient RNAi by 21mer siRNA of GFP and PARP (Figure 2c) . A high level of GFP expression achieved in the GFP cDNA-transfected human skin fibroblasts GM637 was significantly suppressed by co-transfection with GFP-targeting 21mer siRNA (Figure 2c , GFP lanes 2, 4 and 6). Induction of apoptosis by etoposide resulted in a strong caspase-3 activation, but it was not accompanied by any change in the status of GFP-knockdown (Figure 2c, lanes 6-7) . Similarly, a significant PARP-knockdown achieved by its corresponding 21mer siRNA was not abrogated during etoposide-induced apoptosis, because the signal for its 89-kDa fragment seemed to be mainly due to partial digestion of the residual PARP in these cells after knockdown (Figure 2c , lanes 10-11). Thus, unlike the SiP model in which the emergence of the 89-kDa PARP-fragment during apoptosis was due to the failure of stable shRNA, the feeble appearance of the 89-kDa PARP fragment in the transient knockdown model was not due to the failure of 21mer siRNA during apoptosis. Although one could not exclude subtle differences in the influence of apoptotic events on the transient knockdown of an exogenous gene GFP versus an endogenous gene PARP, our collective results revealed a general lack of effect of apoptosis on RISC-dependent RNAi by 21mer siRNA. Thus, abrogation of DNA vector-based RNAi must be due to failure of events upstream of the RISC step.
Selective cleavage of endonuclease Dicer-1 during apoptosis. The caspases strategically cleave a selected number of proteins to facilitate apoptosis, 8 hence we examined integrity of the principal RNases implicated in the two key steps of DNA vector-based RNAi in mammalian cells, namely Dicer-1 and RISC-member Ago-2. 16 In two of the human cell line models described above (GMSiP and HeLa-shLamin), apoptosis had no effect on the integrity of Ago-2, whereas the 230-kDa Dicer-1 was cleaved to a B180-kDa DDicer-1 fragment (Figure 3a lack of specific antibody, we could not confirm Dicer-1 cleavage in hamster (CHO) model, but we reasoned that this cleavage must be a general phenomenon observable in any model of apoptosis. Hence, we examined integrity of Ago-2 and Dicer-1 in two of the well-established models of apoptosis, that is, HL-60 ( Figure 3c ) or HeLa (Figure 3d ) cells. The time course of apoptosis in response to treatment with diverse agents revealed that once caspase-3 was activated, PARP was cleaved to its 89-kDa apoptotic fragment. In these models, Ago-2 remained intact, whereas Dicer-1 was cleaved to its 180-kDa fragment (Figure 3c and d), confirming the universal nature of Dicer-1 cleavage to a 180-kDa fragment during apoptosis in human-derived cells.
Identification of caspase responsible for cleavage of Dicer-1 during apoptosis. To examine if any of the caspases were responsible for cleavage of Dicer-1 during apoptosis, we used three independent approaches, namely broad-spectrum caspase inhibitor, in vitro caspase assays and a caspase-deficient cell line. The broad-spectrum caspase inhibitor zVAD-fmk could efficiently suppress caspase-3 activation and cleavage of Dicer-1 during staurosporin-induced apoptosis in COS-1 cells (Figure 4a ).
To identify the specific caspase responsible for Dicer-1 cleavage, an immunopurified N-terminal FLAG-tagged Dicer-1 was cleaved by caspases-1 to 10 in vitro ( Figure 4b ). As a positive control for the in vitro caspase assay, we confirmed that caspases-3 and -7 could cleave PARP to its signature 89-kDa fragment 17 ( Figure 4b , top panel). The caspase-cleavage products of N-terminal FLAG-tagged hDicer-1 were identified by probing with antiDicer 1 antibody that recognizes an epitope in the N-terminal half of the protein and the anti-FLAG antibody that detects Nterminal FLAG (Figure 4b ). The probing with anti-Dicer-1 antibody revealed that almost all caspases, notably 1, 3, 5 and 7, could generate some amount of B180-kDa Dicer-1 fragment (Figure 4b : Dicer-1 panel). The FLAG probing, however, revealed that only caspases-3, -5 and -7 generated To identify which of these cleavage patterns in vitro reflected cellular cleavage of Dicer-1, we examined apoptotic cleavage of hDicer-1 tagged with N-terminal FLAG and C-terminal HA after its expression in COS-1 cells (Figure 4c ). The intact hDicer-1, detectable by both FLAG and HA antibodies in the untreated cells, was degraded to a FLAG-positive 180-kDa and HA-positive major B42-kDa and minor B50-kDa fragments during apoptosis (Figure 4c, lanes  2 and 4) . The formation of a FLAG-positive 180-kDa DDicer-1 fragment with an intact N-terminus in apoptotic cells was consistent with caspase-3 digestion of Dicer-1 in vitro.
Finally, we examined if Dicer-1 would be cleaved during apoptosis in caspase-3-deficient 18 MCF-7 cells (Figure 4d ). During staurosporin or actinomycin-induced apoptosis, there was a caspase-7 activation and cleavage of PARP to its 89-kDa fragment, but Dicer-1 was not cleaved to its 180-kDa fragment. Collectively, these results indicated that caspase-3 is the major, if not the only, caspase responsible for cleavage of Dicer-1 to its 180-kDa N-terminal fragment during cellular apoptosis.
Identification of apoptotic cleavage sites in Dicer-1. To identify the apoptotic cleavage sites of FLAG-hDicer-1-HA, the N-terminal 180-kDa and C-terminal 42-kDa fragments, immunoprecipitated following experimental conditions similar to that in Figure 4c , were subjected to mass spectrometry analyses after tryptic digestion. In the 180-kDa fragment, there was a continuous presence of the tryptic fragments from the N-terminus up to STTD 1476 , whereas 1578 AAQL was the first tryptic fragment in the C-terminal 42-kDa fragment, indicating that cleavage occurred between these two sites in RNase IIIa domain of Dicer-1 (Supplementary Figure S2) .
There are at least seven putative caspase-cleavage XXXD motifs 8 in this region in which a cleavage at D could give rise to 42-or 50-kDa C-terminal fragment (Figure 5a ). These seven D residues were mutated to A and single mutants were expressed in COS-1 cells, which were subjected to apoptosis. /A Dicer-1, which turned out to be completely resistant to cleavage during apoptosis generating neither FLAG-nor HA-positive fragments (Figure 5b, lanes 9-10) . Thus, hDicer-1 is cleaved in the apoptotic COS-1 cells at STTD 1476 to release 50-kDa C-terminal and 180-kDa N-terminal DDicer-1 fragments; and C-terminal 50-kDa fragment is further cleaved at CGVD 1538 to release 42-kDa fragment (Figure 5c ).
Inactivation of Dicer-1 and decreased miRNA-formation during apoptosis. As both the cleavage sites of Dicer-1 are located in the catalytically important RNase IIIa domain of hDicer-1, we examined its impact on the catalytic function of Dicer-1 in a dicing assay in vitro to convert a 27mer substrate dsRNA to its product 21mer dsRNA. 19 Owing to incompatibility of reagents between caspase and dicing assays, these assays were optimized using FLAG antibodybeads-bound Dicer-1, so as to wash away reagents after each assay. Incubating bead-bound Dicer-1 with caspase-3 resulted in formation of a FLAG-and Dicer-1-positive DDicer-1, which was also retained on the FLAG-beads (Figure 6a ). The bead-bound intact Dicer-1 was enzymatically active as it converted 27mer dsRNA to 21mer dsRNA in the dicing assay (Figure 6b ). That caspase-3 digestion decreased catalytic activity of Dicer-1 was evident from its slower capacity to convert 27mer to 21mer dsRNA from 3-6 h, as compared with intact Dicer-1 ( Figure 6c , lanes 2-3 and 6-7). The caspase-3-digested Dicer-1 preparation could eventually convert all the 27mer substrate by 16 h due to the residual intact Dicer-1.
Next, we examined dicing activity in the extracts from control or apoptotic GM637 cells, which had either intact or partially cleaved Dicer-1, respectively (Figure 6d, left panel) . Whereas the control cell extract efficiently converted 27mer to 21mer dsRNA in 1-3 h, the apoptotic cell extract failed to convert the substrate up to 3 h (Figure 6d, right panel) . A more robust inhibition of dicing activity in the apoptotic cell extract, despite the presence of some intact Dicer-1, reflects additional factors that may negatively influence Dicer-1 activity in apoptotic cells, as compared with assays with in vitro partially cleaved Dicer-1 (see discussion). Thus, cleavage of Dicer-1 in apoptotic cells or in vitro by casapse-3 was associated with its catalytic inactivation, which could explain the failure of DNA vector-based RNAi during apoptosis.
Unlike other organisms, mammalian cells have only one Dicer homolog (Dicer-1) for both the siRNA production and for the conversion of the pre-miRNA into mature miRNA. 16 Hence, we examined whether Dicer-1 cleavage and inactivation would also influence maturation of three apoptosisrelated miRNAs, namely pro-apoptotic miR-16 that regulates anti-apoptotic bcl-2 gene, 20 anti-apoptotic miR-21 21, 22 and let7a miRNA that is both pro- 23 and anti-apoptotic 24 ( Figure 6e ). In the apoptotic HL-60 cells, there was a decline in the levels of these three mature miRNAs from 6-24 h (Figure 6e , left panel). The quantification of signal for miRNA from two independent experiments showed nearly 40-60% decrease in the signal for these miRNAs at 18-24 h (Figure 6e, right  panel) . Thus, another consequence of Dicer-1 cleavage by caspase-3 during apoptosis was reduced availability of some of the mature miRNA.
Discussion
We report here that stable knockdown by DNA vector-based RNAi is abrogated during apoptosis in mammalian cells. The data obtained with various cell lines, different apoptosisinducing treatments and failure of RNAi of three different genes, namely PARP, lamin and p14 ARF , indicate universal The immunobead-bound FLAG-hDicer-1 was digested with caspase-3 for 90 min followed by catalytic Dicer-1 activity assay, as described above for panels a and b. The dicing assay samples were harvested at specified time points. Mock samples were incubated with boiled caspase-3, and 0 h samples were removed at the start of each reaction. The 21mer dsRNA was loaded as size marker. (d) Lack of Dicer-1 catalytic activity in apoptotic cell extract. The enzymatically active cell extracts were prepared from the control or etoposide (VP16-70 mM for 18 h)-treated GM637 cells, which contained intact or partially cleaved hDicer-1 as determined by immunoblotting for Dicer-1 (left panel). The cell extracts were used in the in vitro Dicer activity assay for cell extracts. Aliquots of the assay mixture at various time points were resolved on nondenaturing 3.5-20% PAGE and stained with ethidium bromide. Size markers (lanes 1 and 2) were 27 and 21mer dsRNA that were spiked into the assay buffer without the cell extract nature of this observation irrespective of the fate or function of the target gene product during apoptosis. The fact that the transient RNAi achieved with 21mer siRNA was not affected during apoptosis indicated that RISC-dependent part of RNAi pathway does not fail during apoptosis. Our results can not exclude the possibility that RISC complex rapidly loaded with 21mer siRNA immediately after transfection could continue to function during apoptosis; however, our observation that Ago-2 remains intact during apoptosis supports the argument that RISC-dependent step of RNAi is not affected during apoptosis.
Using in vitro caspase assays, in vivo apoptotic cleavage of wild-type and mutant forms of tagged hDicer-1 and caspase-3-deficient MCF-7 cells, we show that Dicer-1 is specifically cleaved at two sites STTD 1476 and the CGVD 1538 within the RNase IIIa domain principally by caspase-3. A recent study has reported cleavage of Dicer-1 during apoptosis at the DHPD 1644 site. 9 However, our results show that it is unlikely to be the main cleavage site of Dicer-1, because (a) cleavage at this site would result in a C-terminal fragment of B278 aa or B32 kDa, whereas we identified 42 or 50-kDa C-terminal fragments; (b) we show that D/A mutations at STTD 1476 and CGVD 1538 sites completely abolish Dicer-1 cleavage during apoptosis, whereas DHPD 1644 /A mutation could not block Dicer-1 cleavage; 9 (c) the MS-MS analyses of C-terminal 42-kDa fragment revealed tryptic fragments starting at 1578 AAQL, which is B80-aa residues upstream of the DHPD 1644 site. The earlier study also reported that Dicer-1 is cleaved by either caspases-3 or -7, 9 whereas we provide a reasonable proof using various approaches that cellular cleavage of Dicer-1 is consistent with its cleavage by caspase-3.
For many of the proteins cleaved at specific sites by caspases, the end result is either a strategic activation or inactivation of their function, which could either facilitate apoptosis or prevent the anti-apoptotic activity of the target protein. 8 Our study provides the first definitive proof of catalytic inactivation of Dicer-1 during apoptosis. We show that caspase-3-mediated cleavage of Dicer-1 in vitro reduces its catalytic activity, and that apoptotic cell extracts with cleaved DDicer-1 have a robust inhibition of catalytic dicing activity despite the presence of some intact Dicer-1. The latter suggests that additional events during apoptosis or presence of the cleaved fragments of Dicer-1 could contribute towards inactivation of catalytic activity of Dicer-1 during apoptosis (see below).
The cleavage of Dicer-1 at two distinct sites STTD 1476 and CGVD 1538 within RNase IIIa domain, allows us to propose a model for its catalytic inactivation during apoptosis. The structural studies with Giardia Dicer 25 and human Dicer or bacterial RNase III 26, 27 suggest that RNase IIIa and IIIb domains of hDicer-1 form an intramolecular dimer, which, with the help of PAZ and dsRBD domains, cleave the long dsRNA substrate to the 21mer dsRNA. The catalytic center of Dicer is composed of two sets of identical motifs located in RNase IIIa and IIIb domains. These motifs with a conserved D or E residues are EXXXD 1320 and DXXE 1564 in RNase IIIa domain and EXXXD 1709 and DXXE 1813 in RNase IIIb domain. These four motifs allow Dicer to precisely touch the proximal or distal end of the cleavage sites on the long dsRNA substrate; hence, mutations at D or E residues in all four or even two of these motifs could abolish or significantly suppress catalytic function of Dicer-1. 27 Therefore, cleavage of Dicer-1 at D  1476 and D   1538 by caspase-3 would result in the separation of EXXXD 1320 motif from the DXXE 1564 motif within the RNase IIIa domain and inactivation of Dicer-1. Our results also suggest that neither the 180-kDa DDicer-1 containing one catalytic motif EXXXD 1320 nor the 42-kDa C-terminal fragment containing the remaining three catalytic motifs can precisely carry out the catalytic function of full Dicer-1. In addition, it is possible that these two enzyme-dead fragments of Dicer-1 can cause trans-dominant inhibition of the residual intact Dicer-1 due to their potential to interact with the dsRNA substrates or other RNAi proteins including the RISC complex.
Finally, the cleavage and inactivation of Dicer-1 during apoptosis would have two major consequences (a) abrogation of DNA vector-based RNAi could influence results obtained with stable shRNA models that examine apoptosis and (b) reduced availability of mature miRNA may be of major consequence for miRNA-mediated control of apoptosis and cancer, as several miRNAs act as positive and negative regulators of cell death. 4 Materials and Methods Cells, DNA vector-based RNAi clones and apoptosis-inducing treatments and western blotting. Following cell lines were obtained from ATCC (unless specified otherwise) and grown in specified media obtained from GIBCO at 371C in a humidified incubator with 5% CO 2 , supplemented with 10% fetal bovine serum, 50 U/ml penicillin and 50 mg/ml streptomycin: human myeloid leukemic HL-60 (RPMI), human cervical carcinoma HeLa (DMEM-high glucose), monkey kidney COS-1 cells (DMEM-low glucose) and human breast adenoma MCF-7 cells (DMEM-low glucose).
Different stable RNAi clones were prepared as follows. The PARP-replete (U6) and PARP-depleted (SiP) cell lines derived from human skin fibroblasts (GM637, Coriell Cell Repository, MEM) and Chinese hamster ovary CHO cells (sub-line WT-5, a-MEM) were obtained as described earlier. 10 The human p14 ARF -expressing cell lines were created by stable transfection of CHO cells with HAtagged p14
ARF cloned in pcDNA-3 expression vector (Invitrogen), followed by selection of geneticin (800 mg/ml)-resistant clones. One of the CHO-HA-ARF clones was subsequently transfected with a pBS-U6 vector containing human p14 ARF -targeting sequence 5 0 -GAAC ATG GTG CGC AGG TTC TT-3 0 along with pTK-Hyg cDNA to isolate stable shARF clones, which were then maintained in medium containing geneticin (400 mg/ml) and hygromycin (200 mg/ml), as described earlier. 10, 28 The DNA vector-based RNAi of lamin was achieved in HeLa cells after transfection with pBS-U6 vector containing lamin targeting sequence 29 and pTK-Hyg plasmid to isolate HeLa-shLamin clones that were maintained in medium containing 200 mg/ml hygromycin, as described earlier. 10 Apoptosis was induced by treatment with one of the following reagents: 100 or 300 mM H 2 O 2 (Sigma), 1 mM Staurosporin (Sigma), 1600 J/m 2 UVB (Spectrolinker XL-1000 UV cross-linker), 10 J/m 2 UVC, 10 or 100 mM MNNG (Sigma), 70 or 100 mM etoposide (VP-16) (Sigma), 1200 U/ml TNFa þ 0.25 mg/ml actinomycin D (Sigma) and 1 or 5 mg/ml actinomycin D. For in vivo studies with a broad-spectrum caspase inhibitor, cells were pre-incubated with 50 mM of zVAD-fmk (Calbiochem) at 371C for 90 min, followed by apoptosis-inducing treatment. Cells were harvested and extracts were analyzed by western blot.
manufacturer's protocol. The forward and reverse primers for PARP were 5 0 -AGTGACAGGCAAAGGCCAGGA-3 0 (forward), 5 0 -CGCACCTGGCCCTTTTCTA TC-3 0 (reverse). The primers of GAPDH were 5 0 -GAAGGTCGGAGTCAACGGAT TTGG-3 0 (forward) and 5 0 -ACGGTGCCATGGAATTTGCCATGG-3 0 (reverse). 10 ml of the PCR-amplified product was analyzed on 1.5% agarose gel containing ethidium bromide.
Transient knockdown with 21mer siRNA. All transient knockdown experiments were carried out in GM637 cells at 70% confluence in 60-mm dishes. For GFP expression and knockdown studies, a total of 5 mg of pGFP-N1 (Clontech) cDNA (or mock DNA: CMV plasmid) with or without 1 mg of 21mer GFP-targeting siRNA based on the sequence 5 0 -GCA AGC UGA CCC UGA AGU UCA U-3 0 (Qiagen) were transfected by calcium phosphate protocol. 30 At 48 h after transfection, cells were treated with 100 mM etoposide for 18 h and cells were harvested for western blotting. For transient knockdown of PARP, GM637 cells were transfected with 600 pmol of 21mer siRNA (IDT) representing PARP-targeting sequence described for SiP912 vector 10 and 3 mg of pcDNA I/neo using lipofectamine 2000 (Invitrogen). Cells were maintained in 800 mg/ml geneticin for 96 h and treated with 100 mM etoposide (VP-16) for 24 h, followed by western blotting.
Wild-type and mutant hDicer-1: cloning, expression and immunopurification. The recombinant FLAG-hDicer-1 cDNA was created by in-frame cloning of the cDNA of hDicer-1 in the pCMV-3X-FLAG expression vector (Sigma) just after the 3X-FLAG tag at the 5 0 end. The HA tag along with stop codon was inserted in the above cDNA at the 3 0 end to create dual tagged FLAGhDicer-1-HA cDNA. The caspase-uncleavable hDicer-1 D/A mutants were created from dual tagged hDicer-1 cDNA by site-directed mutagenesis (QuikChange-II-XL Site-directed mutagenesis kit, Stratagene). These cDNAs were transiently transfected in COS-1 cells (5-8 mg per 10-mm dish) with lipofectamine 2000 (Invitrogen). At 48 h after transfection, apoptosis-inducing treatments were carried out as specified for each figure, and cells either harvested for western blotting or subjected to immunopurification protocol using FLAG or HA-kits (Sigma).
At the end of the immunopurification protocol, the Dicer-1 or its fragments were processed in four different ways for different end uses. (i) For western blotting, beads were extracted with SDS-PAGE sample loading buffer and processed for western blotting. (ii) For the MS-MS analyses, the bead extracts were prepared as above for western blotting, resolved on 10% SDS-PAGE and stained with coomassie blue. The bands of interest, identified from a parallel western blot of the same samples, were excised from the gel and subjected to MS-MS analyses after tryptic digestion at the Taplin Biological Mass Spectrometry Services at the Harvard Medical School. (iii) For some of the in vitro caspase assays, FLAG-hDicer-1 was eluted from the beads by FLAG-peptide elution protocol (Sigma). (iv) For preparation of the bead-bound Dicer-1 for the in vitro caspase and dicing assays, the beads were washed and suspended at a concentration equivalent of Dicer-1-derived from 0.5 Â 10 6 cells/ml of 50 mM Tris-Cl, pH 7.4 and 150 mM NaCl. The aliquots of bead-bound Dicer-1 were stored frozen at À801C.
In vitro caspase cleavage assay. For the in vitro cleavage assay with ten caspases, 50 ng of eluted FLAG-hDicer-1 was incubated with 1.5 U of recombinantactivated caspase (Biovision) in a 20-ml reaction mixture containing 20 mM PIPES, pH 7.2, 100 mM NaCl, 0.1% CHAPS, 1 mM EDTA, 10% sucrose, 10 mM DTT at 371C for 90 min. 31 An aliquot was analyzed by the western blot for Dicer-1 and FLAG, as described above.
The in vitro caspase-3 cleavage assay using bead-bound FLAG-hDicer-1 was carried out in a total volume of 5 ml containing above stated caspase assay buffer, 31 1.5 U of caspase-3 (Biovision) and 0.5-1 ml of immunobead-bound Dicer-1 that was pre-washed in the caspase assay buffer. The reaction was carried out at 371C for up to 90 min with intermittent gentle vortexing to resuspend the beads. The reaction was terminated by addition of 5 ml of 2 Â SDS-PAGE loading buffer and samples were heated at 951C for 5 min, vortexed and eluted material was loaded on 6% SDS-PAGE, followed by transfer and western blotting for FLAG or Dicer-1, as described above.
In vitro Dicer-1 activity assays. The catalytic dicing activity of Dicer-1 was measured in an assay derived from Kim et al. 19 that examined conversion of 27mer dsRNA substrate to 21mer dsRNA product. The 27mer dsRNA substrate was prepared based on the sequence used in the SiP912 vector for stable knockdown of PARP. 10 The sense oligo: 5 0 -CAA GCA CAG UGU CAA AGG UUU GGG C-3 0 and the antisense oligo: 3 0 -CCG UUC GUG UCA CAG UUU CCA AAC CCG-5 0 , obtained from IDT were suspended at 100 mM in RNase-free duplex buffer (100 mM potassium acetate and 30 mM HEPES, pH 7.5), annealed at 941C for 2 min, followed by gradual cooling at ambient temperature. The 100-mM 27mer dsRNA stocks were stored in aliquots at À301C. The product 21mer dsRNA duplex was prepared based on PARP-targeting 21mer RNAi sequence 10 using the sense oligo: 5 0 -CAA GCA CAG UGU CAA AGG UUU-3 0 and antisense oligo: 3 0 -CCG UUC GUG UCA CAG UUU CCA-5 0 , obtained from IDT and annealed exactly as above for 27mer dsRNA duplex.
For catalytic activity of Dicer-1 without pre-digestion with caspase-3, in a total reaction volume of 5 ml containing 20 mM Tris-Cl, pH 8.0, 200 mM NaCl, 2.5 mM MgCl 2 and 1 mM ATP, 25 pmol of 27mer dsRNA was digested with 0.5-1 ml immunobead-bound FLAG-hDicer-1, prepared as described above. The reaction was carried out at 371 for up to 16 h with intermittent gentle vortexing to resuspend the beads. The samples were mixed with 0.8 ml of 6 Â DNA gel loading buffer (Fermentas), heated at 951C for 5 min and electrophoresed on 20% native PAGE in 1 Â TBE at 280 V for 70 min. The gel was stained in 0.5 mg/ml ethidium bromide for 30 min followed by two 5-min washes with water and visualized on ChemiGenius 2 (SynGene).
For the dicing activity assays after pre-digestion of Dicer-1 with caspase-3, the caspase-3 digestion in vitro was carried out for 90 min exactly as described above for immunobead-bound Dicer-1, and reagents were washed away by adding 100-ml dicer activity assay buffer (20 mM Tris-Cl, pH 8.0, 200 mM NaCl, 2.5 mM MgCl 2 and 1 mM ATP). The supernatant was discarded after centrifugation at 12 000 Â g for 2 min, and the bead-bound digested Dicer-1 was suspended in 5 ml of dicing activity assay buffer to carry out the dicing reaction with 27mer dsRNA substrate, as described above.
For dicing activity assay using cell extracts, the enzymatically active cell extracts were prepared from control or apoptotic GM637cells, based on a modified protocol of Billy et al. 32 Briefly, cells were scraped in the medium, centrifuged at 500 Â g for 5 min, washed twice with cold PBS and suspended in 50 mM Tris-Cl, pH 7.5 containing 150 mM NaCl, 2.5 mM MgCl 2 , 5.5 mM DTT and EDTA-free protease inhibitor cocktail. Cells were lysed on ice by mild sonication using microtip probe for 2 Â 15 s at 11 setting in Sonic Dismembranator (Fisher Scientific). The supernatant obtained after centrifugation at 16 000 Â g for 5 min was supplemented with glycerol (10% v/v) and stored in aliquots at À301C. The Dicer assay in vitro was carried out as described earlier. In brief, the cell extracts were adjusted to 1 mg protein/ml and 25 ml of extract was incubated with 125 pmol of 27mer dsRNA substrate at 371C. At the end of the specified incubation period, 2.5-ml aliquots were resolved on 3.5-20% non-denaturing PAGE, and RNA was visualized by staining with 0.5 mg/ml ethidium bromide. 19 miRNA extraction and northern blot. The total miRNA was extracted from HL-60 cells using the mirVana PARIS kit (Ambion) according to manufacturer's protocol. 2-mg small RNA was resolved on 15% PAGE in 6 M urea in 1 Â Trisborate-EDTA and transferred to charged nylon (Brightstar, Ambion). Two miRNAspecific DNA probes (Invitrogen) were based on sequences derived from http://microrna.sanger.ac.uk: Hsa-let-7a ( supported by an FRSQ-Junior-1 Scientist and FRSQ-Senior Scientist awards, respectively from the Fonds de la Recherche en Santé du Québec.
